Tuberculosis is among the leading causes of disease and death worldwide. In 2017, an estimated 920 000 (9%) of the 10 million new cases of tuberculosis occurred in persons with human immunodeficiency virus (HIV) infection, and an estimated 300 000 persons died of HIV-associated tuberculosis [1] . Confirming a diagnosis of tuberculosis in HIV-infected patients remains a challenge because clinical features can vary according to the patient's immune status [2, 3] . Furthermore, compared with HIV-uninfected individuals, those with HIV infection have higher rates of negative sputum smear results and/ or dissemination involving extrapulmonary sites, making it more difficult to obtain representative samples for microscopy and culture [4, 5] . Mycobacterial culture is the current reference standard for diagnosis of tuberculosis; however, culture is time consuming, and a delay in diagnosis can adversely affect patient outcome [6, 7] . Sputum smear microscopy is simple and inexpensive, but it has poor sensitivity, even when fluorescence stains are used [8] . Nucleic acid amplification testing provides sensitive and specific tuberculosis diagnosis, but enabling its use in limited-resource settings with minimally trained personnel remains a challenge. Similar to the limitations of culture for detecting HIV-associated tuberculosis, molecular assays are limited by the challenges associated with obtaining appropriate specimens from the site of disease, particularly in extrapulmonary tuberculosis. Even though a simpler rapid molecular test (Xpert MTB/RIF assay; Cepheid) is now available, its high cost makes it unaffordable in many limited-resource countries [8] .
The lateral flow urine lipoarabinomannan (LF-LAM) assay is a commercially available point-of-care test for active tuberculosis (Alere Determine TB LAM Ag; Alere). The test detects lipoarabinomannan, a 19-kDa lipopolysaccharide major cell-wall component of Mycobacterium tuberculosis [9] , which is released into the urine of patients with active tuberculosis disease. The sensitivities and specificities of the LF-LAM test reported from previous studies have varied according to differences in the following factors: study population, CD4 cell count, patient setting (inpatient vs outpatient), reference standard, number and type of specimens used, the positive cutoff point for band intensity, and the type of urine specimen used [10] [11] [12] [13] [14] [15] [16] [17] . Most earlier studies were conducted in Africa. To date, few studies [18, 19] have reported the use of urine LF-LAM testing in Southeast Asian population with HIV-tuberculosis coinfection. The accuracy of diagnostic assays should be assessed in different geographic settings and among different populations.
Accordingly, the aim of the current multicenter study was to prospectively evaluate the accuracy of the LF-LAM test for diagnosis of active tuberculosis among Thai adults with advanced HIV infection. The secondary objective was to investigate the period of test positivity after initiation of antituberculosis treatment.
METHODS

Study Sites and Participants
This multicenter prospective cohort study included HIVinfected adult Thai patients with a CD4 cell count ≤200/μL and symptoms suggestive of active tuberculosis who were treated at Siriraj Hospital (Thailand's largest university-based national tertiary referral center, located in Bangkok) or Chonburi Hospital (a provincial tertiary referral center located in Chonburi Province) during the December 2015 to March 2017 study period. Eligible patients who were treated as outpatients were recruited from the infectious disease clinic at Siriraj Hospital and the tuberculosis or HIV clinic at Chonburi Hospital, were aged ≥18 years, were HIV infected with a CD4 cell count ≤200/μL, and, were suspected of having active tuberculosis based on the presence of fever lasting >2 weeks along with ≥1 of the following: chronic cough, lymphadenopathy, pleural effusion, and weight loss. Patients were excluded if they had been treated for >2 days with ≥2 antituberculosis drugs within 3 months before enrollment.
Included patients were enrolled consecutively, and all who met the study criteria were included. Those unable to provide specimens for mycobacterial culture or urine for LF-LAM testing were excluded. The protocol for this study was approved by the institutional review boards of both Siriraj Hospital and Chonburi Hospital (COA nos. 659/2557 and COA nos. 24/58/o/h2, respectively).
Data Collection
After providing written informed consent, patients underwent a standardized interview, physical examination, chest radiography, and additional routine diagnostic investigations. All patients were required to provide ≥2 samples from sites where tuberculosis involvement was suspected, with ≥1 sputum specimen preferred. Other specimens, such as blood, pleural fluid, cerebrospinal fluid, lymph node, and/or bone marrow, were also obtained if the patient had clinical features suggestive of active infection at the site(s) in question. We did not exclude patients who were unable to provide a sputum specimen. Although a respiratory sample for culture was preferred, it was not required as long as the patient could provide ≥2 samples for culture from the suspected site(s) of infection. Patients with only 1 mycobacterial culture from any site could be included if the result showed positive culture for tuberculosis. All samples collected were based on clinical indications, and the selection of the sampling site was determined by nonstudy physicians.
Specimens of all types underwent both smear microscopy using light-emitting-diode fluorescence microscopy and mycobacterial culture using both liquid media with Mycobacteria Growth Indicator Tube (MGIT) using BACTEC 960 automated system (Becton Dickinson, Sparks, MD, USA) and solid media. Other investigations, including polymerase chain reaction assay for direct detection of M. tuberculosis from clinical specimens, were performed at the discretion of attending physicians. The clinical management of all patients was performed by attending physicians and consulting infectious disease physicians who were not involved in the study.
All specimens were processed by accredited laboratories (Department of Microbiology, Faculty of Medicine Siriraj Hospital, Mahidol University, and Department of Clinical Microbiology, Chonburi Hospital) using liquid culture according to standardized protocols. All patients were required to provide a spot urine sample collected in a sterile container. LF-LAM tests (manufacturer lot nos. 131120, 141123, 141124, 151124, and 151125) were performed on unprocessed urine samples within 3 days after collection. If not tested immediately, urine samples were stored at 4°C until use, according to the manufacturer's recommendation. After the urine was applied to the test strip, the strip was visually inspected by 2 trained study staff members at each study site. The LF-LAM test result was graded according to the manufacturer's new reference card, with band intensities graded on a scale of 1 to 4 (from lightest to darkest). We defined LF-LAM test positivity using the grade 1 cutoff. Staff members who interpreted the LF-LAM test were blinded to patient clinical data and tuberculosis diagnostic status. Any disagreement between interpreters was decided by the decision of a third interpreter. Moreover, the reference standard results were interpreted without knowledge of the results of LF-LAM testing. These results were not provided to the clinicians caring for enrolled participants, nor were they used for clinical care decision making.
Definite tuberculosis was defined as positive culture or polymerase chain reaction for M. tuberculosis complex from any clinical specimen. Patients were defined as having probable tuberculosis if they started antituberculosis treatment with subsequent documented clinical improvement at 2-month follow-up, without bacteriological confirmation, or if they died within 2 months after enrollment, with tuberculosis recorded as the cause of death on the death certificate or medical record. Patients categorized into the group without tuberculosis were those for whom an alternative diagnosis was available and those with a positive culture for nontuberculous mycobacteria (NTM) who were not receiving antituberculosis treatment. Follow-up data relating to subsequent clinical improvement at the 2-month time point and patient outcome were retrieved from electronic medical records. The treatment decisions that were made were based on the professional judgment of treating physicians who were not involved in this study.
Sample Size Calculation and Statistical Analysis
Based on the results of previous studies, we estimated that the LF-LAM test would yield 63% sensitivity and 96.6% specificity [20] . Using a 15% allowable error for sensitivity, a 3% allowable error for specificity, and a 40% prevalence of HIV-tuberculosis coinfection, the minimum sample size was calculated at 280 patients.
Descriptive statistics were used to characterize the study population, and descriptive statistical data are presented as frequency, frequency and percentage, or median and Interquartile range. The results of the 2 LF-LAM test readers were compared, and interobserver agreement was calculated using the κ statistic. Performance measures, including sensitivity, specificity, predictive values, and accuracy of the LF-LAM test or fluorescence smear microscopy, were calculated as percentages with 95% confidence intervals (CIs). The analysis for diagnostic accuracy of the LF-LAM test by CD4 cell count was also calculated as percentage with 95% CI. In our analysis, we evaluated the accuracy of the LF-LAM test or fluorescence smear microscopy compared combined group of probable tuberculosis and nontuberculosis against the microbiological reference standard (definite tuberculosis) or compared nontuberculosis with composite reference standard (combination of definite and probable tuberculosis). All statistical tests were 2 sided, with P values <.05 indicating statistical significance. Statistical calculations were performed using SPSS Statistics software, version 20 (SPSS).
RESULTS
Of the 399 patients who were screened, 280 were enrolled ( hospitalized. Included patients were mostly young adults (median age, 39 years), and 62.5% were male. The median CD4 cell count was 33/μL (interquartile range, 12-68/μL). Other common symptoms in addition to fever included weight loss (in 87.5% of patients), chronic cough (62.1%), and lymphadenopathy (12.5%). Among 280 patients, only 15 patients could not provide sputum specimens but could provide other types of specimens.
Microbiologically confirmed tuberculosis was found in 72 patients, for a prevalence of definite tuberculosis of 25.7%. Of those patients, 34 had pulmonary tuberculosis only, 30 had disseminated tuberculosis, and 8 had isolated extrapulmonary tuberculosis. Among those with disseminated disease, 26 patients had concomitant pulmonary involvement, and 4 had disseminated disease due to isolation of tuberculosis from multiple body sites other than the lungs, including from blood, lymph node, pleural fluid, cerebrospinal fluid, and/or liver tissue. Among patients with isolated extrapulmonary tuberculosis, 3 had tuberculosis lymphadenitis, 2 had tuberculosis colitis, 2 had tuberculosis meningitis, and 1 had tuberculosis pleuritis. There were 65 patients with probable tuberculosis, for a prevalence of 23.2%. The combined prevalence rate of definite and probable tuberculosis was 48.9%. The baseline demographic and clinical characteristics of all patients are shown in Table 1 .
The overall mortality rate was 15.8%, and this rate was higher among patients with probable tuberculosis and those without tuberculosis than among those with definite tuberculosis. Among patients who died, we found no difference between the definite tuberculosis group and other groups regarding age, CD4 cell count, presence of multiple opportunistic infections, or number of opportunistic infections (data not shown).
The diagnostic accuracy of LF-LAM testing and/or smear microscopy for culture-confirmed tuberculosis is shown in Table 2 . When compared with the microbiological reference standard, the LF-LAM test yielded a sensitivity of 75.0% (95% CI, 63.9%-83.6%) and a specificity of 76.0% (69.7%-81.3%). In patients with a CD4 cell count <50/μL, the test showed a higher sensitivity (90.5%; 95% CI, 77.95-96.2%) and a higher negative predictive value (96.4%; 91.0%-98.6%). Compared with the LF-LAM test, fluorescence smear microscopy had a lower sensitivity (61.1%; 95% CI, 49.6%-71.5%) but a higher specificity (98.1%; 95.2%-99.2%). With use of either LF-LAM testing or smear microscopy, the sensitivity increased to 86.1% (95% CI, 76.3%-92.3%) compared with LF-LAM testing alone, with no observed reduction in specificity. When compared with the composite reference standard, the test yielded a lower sensitivity (61.3%; 95% CI, 53.0%-69.1%) but a higher specificity (86.0%; 79.4%-90.8%) ( Table 3) . Interobserver agreement was perfect b P values for comparison between definite and no-tuberculosis groups, with differences considered significant at P < .05. c Twenty patients with no outcome data were excluded from the data on deaths, including 3 from the definite tuberculosis, 6 from the probable tuberculosis, and 11 from the no-tuberculosis group.
between the 2 observers at both centers (κ = 1.0) for both presence or absence of test band and interpretation of band intensity. No invalid LF-LAM tests were observed in this study.
Among the 20 patients without tuberculosis who had a positive LF-LAM test result, 5 had multiple infections, 7 had disseminated Mycobacterium avium complex, 6 had cryptococcal infections, 6 had pneumocystis pneumonia, and 1 each had Mycobacterium kansasii pulmonary infection, histoplasmosis, lymphoma, and unknown diagnosis with symptoms resolved after initiation of antiretroviral therapy, respectively (Table 4) . Among the 30 patients with probable tuberculosis who had a positive LF-LAM test result, 18 had faint band intensities of grade 1, and 6 patients had strong band intensities of grade 4. Opportunistic infections in 30 patients with probable tuberculosis with positive LF-LAM test are listed in Table 5 . Among the 54 patients who had positive tuberculosis culture and a positive LF-LAM test result, 15 patients, 7 patients, and 2 patients provided a follow-up urine specimen at 1, 2, and 4 weeks, respectively, after antituberculosis treatment. All of those urine specimens had a positive tuberculosis result with LF-LAM testing.
DISCUSSION
In this multicenter study, the LF-LAM test was able to detect 75% of tuberculosis cases in Thai adult patients with advanced HIV disease. The sensitivity of the test varied from approximately 47% to 91%, depending on the reference standard and CD4 level. The highest LF-LAM test sensitivity (90.5%) was observed in HIV-infected patients with CD4 cell counts <50/μL. The specificity of the test ranged from 72% to 92.6%, depending on the reference standard and the CD4 level. The overall mortality rate was higher among patients with probable tuberculosis and those without tuberculosis than among those with definite tuberculosis. We have no good explanation for why the mortality rate was lower in patients with definite tuberculosis, because no factors were found to differ significantly between groups. However, the higher mortality rate among patients with probable tuberculosis may be partly due to how we defined probable tuberculosis, because we also included those who died within 2 months of enrollment and had tuberculosis recorded as the cause of death. The reported performance of the LF-LAM test varied greatly among other published studies, depending on factors that include screening versus diagnosis of tuberculosis, outpatient versus inpatient care setting, CD4 level, and the type of reference standard that was used. A systematic review conducted by Shah et al [17] found a pooled sensitivity rate of 50% (95% CI, 24-82) for the diagnosis of tuberculosis with the LF-LAM test in HIV-infected patients with CD4 cell counts <200/μL (using the original grade 2 cutoff, which corresponds to the current grade 1 cutoff). The pooled sensitivity was higher (63%) when the CD4 cell count was <50/μL.
Our study found a higher sensitivity (75%) than many previous studies [10-15, 17, 21, 22] , and this difference may have several explanations. First, it is likely that we included patients with high bacillary loads, because all included patients had suspected tuberculosis with more advanced symptoms. More specifically, for inclusion eligibility we required the presence of fever for >2 weeks plus ≥1 clinical presentation of tuberculosis. Moreover, approximately 40% of patients with definite tuberculosis had disseminated disease, which was shown in a prior study to effectuate higher levels of lipoarabinomannan antigen in the urine than localized disease [23] . Second, we recruited only patients with advanced HIV disease and CD4 cell counts ≤200/μL, and two-thirds of patients had a CD4 cell count <50/ μL. In a previous study, the sensitivity was found to be higher in sick patients with a lower CD4 cell count [17] . Third, we used fresh urine samples, which we postulated would yield a greater sensitivity than frozen samples. However, to our knowledge, no studies have compared the stability of LF-LAM test results between fresh and frozen urine samples.
The overall 76% specificity of the LF-LAM test observed in this study was lower than the specificities reported from prior studies (90%; 95% CI, 72%-98%) [17] (most of which were conducted in Africa), and it did not exceed the 98% specificity proposed by an international expert committee for point-ofcare tuberculosis tests [24] . Lower LF-LAM test specificities (range, 81%-88%) were reported from studies conducted in Tanzania, Zimbabwe, and Myanmar [19, 25] . In Thailand, a study by Suwanpimolkul et al [18] found an overall test specificity of 85%. The lower specificity in that study could be in part due to the use of the older grade 1 threshold (On a scale of [1] [2] [3] [4] [5] .
The positivity threshold of the LF-LAM test does not explain the observed low specificity in our study because we used a modified reference card, and interobserver agreement at both participating centers was 100%. The low specificity may be due to cross-reactivity of the test with NTM infections that could also contain lipoarabinomannan molecules [26] . We found a false-positive rate of 14%, with strong band intensities (grade 4+) observed mostly in M. avium complex, whereas most other conditions had low band intensities (grade 1+). A prior study by Boehme et al [27] that evaluated the performance of the older LAM enzyme-linked immunosorbent assay observed cross-reactivity of the test with multiple species of mycobacteria. However, Boehme et al reported a small number of NTM cases, and they used healthy volunteers as negative controls to evaluate specificity; thus, a very high specificity (99%) was reported [27] .
The cross-reactivity of LF-LAM testing with NTM disease was reported from prior study by Nel et al [28] , which found an unexpectedly high false-positive rate in 19 of 21 patients with disseminated NTM disease. In the present study, the LF-LAM test had slightly higher sensitivity but lower specificity and positive predictive value than smear microscopy. An approximate 11% incremental benefit in sensitivity was observed when either acid-fast bacilli sputum smear or LF-LAM testing was used, compared with LF-LAM testing alone. The sensitivity increased from 75.0% to 86.1%, and the negative predictive value from 89.8% to 94% without compromising specificity or positive predictive value -all of which is consistent with the findings of previous studies [10, 29] . Thus, a negative result of LF-LAM testing or smear, especially in patients with a very low CD4 cell count, is useful for ruling out tuberculosis disease.
The LF-LAM test is generally not recommended for testing in patients who have already received antituberculosis treatment because it can show a false-negative result. However, our data suggests that the test result can remain positive for up to 4 weeks after tuberculosis treatment. This property of the LF-LAM test enables its use in patients already receiving antituberculosis treatment who are unable to provide appropriate specimens for culture testing.
The LF-LAM test has many attractive features. First, it is a point-of-care test that can be used in remote, unsophisticated, low-resource settings, with no need for electricity or a laboratory. In addition and importantly, the novel urine-based Fujifilm SILVAMP TB LAM assay (Fuji LAM; Fujifilm and the Foundation for Innovative New Diagnostics) has recently been announced. The Fuji LAM assay was reported to have a higher sensitivity than Alere LAM assay for diagnosis of active tuberculosis in hospitalized HIV-infected patients [30] . With this ability, tuberculosis diagnosis and a treatment decision may be made during a single clinical encounter, which can greatly increase the chance of improved patient outcomes. Second, the collection of urine is simple, and it is associated with minimal biohazard risk because no infectious aerosols are generated. Third, a complementary strategy that includes both LF-LAM testing and smear microscopy may be beneficial, because the LF-LAM test can identify the sickest patients, whereas smear microscopy can identify only the most infectious. Furthermore, inclusion of the LF-LAM test into routine investigation will help reduce mortality rates [25] , presumably by increasing the proportion of patients who receive early tuberculosis treatment. Further studies are needed to assess the impact of the LF-LAM test on mortality rates in Asian populations.
To our knowledge, this is the first prospective study to evaluate the accuracy of the LF-LAM test using fresh urine samples for diagnosis of HIV-associated tuberculosis in Thailand. The strengths of this study include the assessment of LF-LAM test performance in an accredited laboratory setting where extensive diagnostic tests can be performed. Second, we enrolled both hospitalized and ambulatory patients. Third, we included multiple types of samples, reflecting a real-life clinical setting in which different patients have different sites of tuberculosis infection. These could help to reduce diagnostic misclassification. Fourth and last, testing was performed using fresh urine specimens that were collected in sterile containers and then tested or stored at 4°C to replicate point-of-care testing. This collection method was used to avoid cross-reactivity due to microbial replication from a contaminated nonsterile urine collection container left at room temperature [28] .
The current study also had some mentionable limitations. First, the obtained specimens were not standardized. More specifically, specimens from pulmonary tuberculosis only, disseminated tuberculosis with pulmonary involvement, and extrapulmonary tuberculosis were collected and included, which could have compromised specificity. Second, we excluded 20 patients who provided only a single specimen that yielded a negative culture result. It is possible either that these patients had paucibacillary disease or that they would have been found to be positive for tuberculosis if they had >1 specimen been provided. Unfortunately, LF-LAM testing was not performed in these 20 patients. Third, not all patients with positive LF-LAM results provided a follow-up urine specimen for testing. Fourth and last, the longest duration between treatment and that urine collection was 4 weeks, so we were not able to determine how long LF-LAM results remain positive after tuberculosis treatment.
In conclusion, the LF-LAM test demonstrated good performance for diagnosing active tuberculosis among patients with advanced HIV-infection. An incremental sensitivity of 11% was observed with use of acid-fast bacilli sputum smear or LF-LAM testing, compared with LF-LAM testing alone. This study found a lower specificity for LF-LAM testing than those reported from studies conducted in African settings.
